The increasing global demand on freshwater is resulting in nations improving their terrestrial water monitoring and reporting systems to better understand the availability, and quality, of this valuable resource. A barrier to this is the inability for stakeholders to share information relating to water observations data: traditional hydrological information systems have relied on internal custom data formats to exchange data, leading to issues in data integration and exchange. Organisations are looking to information standards to assist in data exchange, integration and interpretation to lower 
USE CASES AND REQUIREMENTS
Water observations data are used in many ways, from day to day management of rivers and storages, to provision of services such as water supply, irrigation, flood forecasting and hydropower. This paper outlines three key use cases/ scenarios that were used in development of WaterML2.0 and assisted in determination of its scope. Exchange of hydrological observations data to national repository A regional hydrological monitoring agency maintains a network of river gauging stations that continuously report on river conditions, with a range of phenomena being measured per monitoring location. The agency is required to exchange this information with a national data repository that is used to produce national reports on hydrological conditions. The agency is required to provide a daily export of all new data to the national body for import into their system. The agency must supply local site identifiers and those provided by the national body in order to unambiguously identify monitoring locations.
The data must be exchanged along with any quality assurance, processing and/or qualifying information that will assist in determination of the inherent quality and uncertainty in the data.
This scenario introduces a larger scope and number of involved parties, bringing with it requirements relating to multiple identifiers, locations of sites and information relating to the processing performed on data.
RELATED WORK
The increasing need for data exchange within the environmental sciences has led to an increase in the development of open data formats and exchange protocols. These are generally based on domain specific formats, where the underlying information model relates closely to the way data are understood and used within a domain. As science is becoming more cross-disciplinary, there are standards emerging that define concepts at higher levels of abstraction.
For example, the OGC-ISO Observations and Measurements (O&M) (OGC ; ISO ) standard defines a cross-domain vocabulary for observational data and metadata (extended discussion below). These standards allow more specific information models to relate to a common model and thus make it easier to share data across domains.
Related topics in hydrology
Recent work within Spatial Data Infrastructures (SDIs) has seen the development of some relevant water resources and hydrology information models. Specific hydrological timeseries formats are covered in the description of the harmonisation process, as these were directly analysed as part of the development. 
METHODOLOGY AND PRINCIPLES Harmonisation
A high level overview of the WaterML2.0 development process is shown in Figure 1 . The development began with An application schema defines the '…content and structure of data and specifications for operations for manipulating and processing data by an application'. The GFM is a meta-model for geographic 'features', which are the fundamental unit of geographical information. There are three key concepts: feature instances (objects with identity), feature types (classes of objects with common characteristics), and feature type properties (attributes, associations and operations of features). Together, the GFM and application schema provide a platform under which information can be consistently described and exchanged between parties.
Geography Markup Language
The Geography Markup Language 3.2 (GML) (ISO )
provides an XML encoding of the abstract feature concept, and other key classes from the standards, in particular:
• ISO 19107 -Spatial schema (spatial geometry and topology);
• ISO 19108 -Temporal schema (temporal geometry and topology, temporal reference systems);
• ISO 19111 -Spatial referencing by coordinates (coordinate reference systems);
• ISO 19123 -Schema for coverage geometry and functions (coverages, grids).
The XML syntax in GML reflects the nature of the GFM: all objects are expressed as features with properties that have values, which may also be features. This is derived from object-oriented modelling principles, and the encoding was inspired by the subject-predicate-object triples of the Resource Description Framework (RDF) formalisation of knowledge representation. As in RDF, GML features and properties of features may appear inline, or as references to values provided remotely. This adds significant flexibility, but at the cost of complexity in both producing and consuming applications.
Observations and measurements
ISO 19156 -O&M specifies '…a conceptual schema for observations, and for features involved in sampling when making observations'. This is a high-level model that standardises certain terms for observation metadata, in particular: feature-of-interest, observed-property, procedure, temporal metadata and result. This allows data from disparate sources to be mutually understood and reused, and is applicable to many exchange scenarios. The core OM_Observation type is shown in Figure 2 O&M also standardises the description of sampling artefacts such as sampling-points (e.g. station), sampling-curves (e.g. transect) and specimens (i.e. sample for ex-situ analysis), and the relationships between these (e.g. specimens retrieved from sampling-points).
Alignment of WaterML2.0 with O&M was identified as a key principle of development given its description of not only relevant observational-related data but also the and Boolean values and data structures (arrays, matrices, etc.); these are re-used by WaterML2.0.
Model-driven methodology
The development of WaterML2.0 made use of a modeldriven approach that is defined within ISO 19101, the geographic information reference model, which describes methods for developing geospatial information exchange systems. A key aspect of the method is in the expression of conceptual models that are abstract descriptions of a set of related concepts. These conceptual models only exist within the minds of people who communicate them verbally or textually, and are subject to misinterpretation; a conceptual schema language is required to express a conceptual model in a consistent way. The conceptual schema language is based on a conceptual formalism, for which the ISO 19000 series of standards makes use of version 1.0 of the Object Modelling Group's (OMG) UML (OMG ). UML is a standardised modelling language that provides graphical notation to express models and is used in this paper to describe aspects of the WaterML2.0 model. A conceptual model expressed using UML is referred to as a conceptual schema, and for the purposes of this paper is synonymous with an information model. OGC reflects this practice, and many of the OGC standards use UML to express conceptual schemas. From the UML conceptual schema it becomes possible to generate GML conformant XML schema using automated tools (Golodoniuc & Cox ; ShapeChange ) providing they follow the encoding rules defined within the GML Annex E.
Evaluation criteria
To evaluate the effectiveness of WaterML2.0 as a basis for hydrological time-series exchange, the following assessment criteria are used.
Compliance with OGC and ISO standards
Given the group was operating within a joint WMO/OGC domain working group, this was deemed a crucial criteria for acceptance as standards within these bodies. Failure to re-use existing standards would likely result in rejection of a proposed standard or reduced adoption through non-compliance with existing toolsets, such as those providing GML compliant software.
Satisfaction of use cases and requirements
The information model must be able to suitably address the domain-level requirements for time-series exchange. Two approaches are used to evaluate fulfilment of the requirements: the standard addresses the requirements derived from the existing time-series exchange formats, and the implemented standard satisfies the specified use cases.
The report generated from the harmonisation process 
Usability, verifiability and performance
Putting the standard to use in the real world requires that the standard be implementable in an acceptable timeframe, understandable to developers and users, and verifiable against a set of technical and business rules that reflect the semantics of this type of data (i.e. the requirements of the standard). The IEs are used as a basis for evaluation against these criteria along with the development of a validation service that supports verifiability against the standard.
INFORMATION MODEL OVERVIEW Scope
Hydrological observations are performed using a variety of sampling and processing techniques, each requiring distinct data structures to capture results. Table 1 2. An XML encoding defined using W3C XML schema and derived from the information model using the rules described in the GML standard. WaterML2.0 is limited to point-based time-series as a coverage that has a fixed spatial but varying temporal domain, where the range defines the varying parameter space (e.g. 
Monitoring points
Within hydrology, terms such as site, station and location identify the spatial context in which observations are features. The UML for the WaterML2.0 monitoring point type is shown in Figure 7 .
Procedures
Correct interpretation of time-series almost always requires some understanding of the procedure used in creation of the data. O&M requires that the procedure used in making the observation be identified. The definition of specific types for procedures is delegated to more specific process models, such as OGC's SensorML (Botts & Robin ). However, SensorML was considered too general and too expressive for WaterML2.0, so a simple ObservationProcess type is provided (shown in Figure 8 ) that 
Surface water interoperability experiment
The surface water IE focused on three specific use cases:
cross-border data exchange for the Rhine river; use of 
EVALUATION
The evaluation of WaterML2.0 is based on results from the implementations described, the OGC and public review of 
General concepts
WaterML2.0 provides more expressiveness in the definition of the process used to generate time-series than all the other identified hydrological formats. This is essential to building in more transparency in data, especially in derived hydrological data, such as river discharge. This is becoming increasingly important both within hydrology (Beven et al. where WaterML2.0 was coupled with GWML for expressing groundwater structures and observations relating to aquifers. As these approaches mature, the community can leverage off well-established implementations of services and information models rather than having many bespoke technologies.
WaterML2.0 was designed as an extensible format;
it provides extension points that allow for encoding of non-standard information. This may be used to carry organisation-specific data or as extension to the general functionality. Other formats were generally locked down to the designed schema and did not provide such extension.
Time-series requirements
The requirements identified within the harmonisation process compared the support for time-series metadata down to per value level for existing formats. Each concept (or feature in the software usage) has been enumerated and rated based on the support within each format with results shown in Table 2 . Each format is given a rating based on its support for the concept (0 for no support, 1 for support at a whole of time-series level, 2 for support within temporal bounds and 3 for per value support).
The concepts within the table are defined differently across the existing formats, resulting in a comparison that is subjective to the granularity of definitions. Given
WaterML2.0 was developed as a harmonisation of these formats, it is logical that it fully supports these concepts. The comparison shows WaterML2.0 is an information model capable of expressing a number of time-series concepts.
However, this does result in a format that is more complex to encode and decode.
There was an ongoing tension in how specific the semantics of each time-series metadata element should be. handled. There were varying opinions on how this should be handled. For example, a time-series may be described using a separate metadata element that describes metadata blocks applying within particular time bounds. This is a valuable feature, but does put a load on encoders and decoders needing to construct and parse such descriptive blocks.
A consensus approach resulted in the single time-series default metadata feature.
The focus of development was on structural definitions for the transfer of time-series, with less work on harmonisation of vocabulary items such as quality codes.
The work did harmonise some vocabularies, focusing on those important to the semantics of time-series structures, such as interpolation types. Many vocabularies tend to be specific to local organisation context, so the harmonisation process can take time. Future work within the HDWG will progress development and management of shared vocabularies.
Relating time-series to observations and measurements
The Observation type from O&M provides a common structuring of the core aspects of observations data:
spatial, temporal, observed phenomenon, process and other related metadata, to facilitate interoperability.
Time-series may be modelled two ways using the O&M This results in naming that may confuse some users: the term 'observation' is often interpreted as a single measurement, whereas a TimeseriesObservation has a time-series result that is likely to be many measurements.
Consistent use of standards
Re-using and maintaining consistency with existing stan- 
